Irc3 is a superfamily II helicase required for mitochondrial DNA stability in Saccharomyces cerevisiae. Irc3 remodels branched DNA structures, including substrates without extensive single-stranded regions. Therefore, it is unlikely that Irc3 uses the conventional single-stranded DNA translocase mechanism utilized by most helicases. Here, we demonstrate that Irc3 disrupts partially triple-stranded DNA structures in an ATP-dependent manner. Our kinetic experiments indicate that the rate of ATP hydrolysis by Irc3 is dependent on the length of the double-stranded DNA cosubstrate. Furthermore, the previously uncharacterized C-terminal region of Irc3 is essential for these two characteristic features and forms a high affinity complex with branched DNA. Together, our experiments demonstrate that Irc3 has double-stranded DNA translocase activity.
Irc3 is a superfamily II helicase required for mitochondrial DNA stability in Saccharomyces cerevisiae. Irc3 remodels branched DNA structures, including substrates without extensive single-stranded regions. Therefore, it is unlikely that Irc3 uses the conventional single-stranded DNA translocase mechanism utilized by most helicases. Here, we demonstrate that Irc3 disrupts partially triple-stranded DNA structures in an ATP-dependent manner. Our kinetic experiments indicate that the rate of ATP hydrolysis by Irc3 is dependent on the length of the double-stranded DNA cosubstrate. Furthermore, the previously uncharacterized C-terminal region of Irc3 is essential for these two characteristic features and forms a high affinity complex with branched DNA. Together, our experiments demonstrate that Irc3 has double-stranded DNA translocase activity.
Keywords: DNA helicase; mitochondria; yeast Superfamily II (SFII) helicases and translocases are a large and structurally diverse group of motor proteins defined by a common set of helicase signature motifs. SFII enzymes have various biochemical functions but they all transform the energy of ATP hydrolysis into directional movement of the enzyme along a nucleic acid lattice or into local conformation changes of the nucleic acid. Members of SFII can act specifically either on RNA or DNA substrates and only a subset of these enzymes are bona fide helicases, as a number of SFII proteins translocate along single-stranded or double-stranded DNA (dsDNA) but do not unwind their substrate nucleic acid (reviewed in Refs [1] [2] [3] ).
Four SFII enzymes have been found in mitochondria of the budding yeast Saccharomyces cerevisiae. Mss116, Suv3, and Mrh4 are RNA helicases required for mitochondrial gene expression (reviewed in Ref. [4] ). Recently, we demonstrated that Irc3, a previously uncharacterized fourth member of the SFII, is a DNA helicase [5] . Irc3 demonstrates some sequence similarity to Class I restriction endonucleases, but the homology is limited to the motor domains and therefore Irc3 appears to represent a separate subfamily of the SFII helicases [6] . Irc3 is required for the stability of yeast mitochondrial DNA (mtDNA) as Δirc3 strains display increased levels of dsDNA breaks, rapidly lose their wt mitochondrial genome and accumulate aberrant rho À mtDNA variants [5] . In vitro experiments have demonstrated that Irc3 has branched DNA-specific helicase and branch migration activity suggesting involvement in recombination-related processes, such as replication fork regression or inhibition of illegitimate recombination [5, 6] . Importantly, the yeast Δirc3 phenotype can be partially complemented with RecG of Escherichia coli targeted to mitochondria, suggesting that RecG and Irc3 could have similar biochemical functions [6] . RecG has been proposed to be involved in recombination-dependent repair by facilitating branch migration or resolving Holliday junctions [7] , stimulating replication fork reversal [8, 9] , or controlling DNA amplification at double-stranded breaks [10] [11] [12] . RecG enzymatic activities characterized in vitro include unwinding and remodeling various branched DNA substrates, reversal of model replication forks, and translocation along a dsDNA lattice rather than on single-stranded DNA [9, [13] [14] [15] [16] [17] [18] .
Although yeast complementation studies suggest that Irc3 and RecG are functional homologs and in vitro analysis has confirmed that both bind to branched DNA molecules and catalyze similar DNAremodeling reactions, the two proteins demonstrate significant structural differences. Irc3 and RecG are both SFII enzymes, sharing a helicase core structure with a common set of helicase motifs. However, additional domains in the two proteins have unrelated sequences and strikingly different arrangement, in relation to the motor domain. In RecG, the N-terminal part of the protein contains a 'wedge' domain involved in DNA strand separation [19, 20] . Irc3 lacks an analogous N-terminal domain, but instead contains a large C-terminal region (CTD) of approximately 300 residues of unknown structure and function [5] .
Despite the structural differences between Irc3 and RecG, it is tempting to speculate that the ATP-dependent motors of both enzymes could utilize similar molecular mechanisms for unwinding and branch migration reactions. RecG stimulates fork regression by translocating on dsDNA, whereas most helicases translocate along single-stranded DNA [9, 19] . Here, we show that Irc3 can facilitate the disruption of partially triple-stranded DNA structures in an ATPdependent manner. Furthermore, we demonstrate that the rate of ATP hydrolysis by Irc3 depends on the length of the dsDNA cosubstrate. Both propertiesthe triple-strand displacement activity and the DNA lattice length dependence of ATP hydrolysis-require an intact C terminus of the Irc3 protein, which contains a binding domain for branched DNA. Together, our experiments establish that Irc3 is a dsDNA translocase.
Experimental procedures

DNA
The oligonucleotides used are listed in Table S1 . pTS-DSP and pTS-GAP had the following inserts between the XbaI and BamHI sites of pUC19 (PvuII and EcoRV sites-underlined; Bpu10I sites-in bold): pTS-DSP:
pTS-DSP and pTS-GAP were used in PCR with USP and RSP to generate dsDNA fragments DSP (167 bp) and GAP (167 bp), respectively. DSP was cleaved with EcoRV or PvuII to make the Rand L-triplex. Six-nucleotide single-stranded gaps were introduced into EcoRV cleaved GAP with Nb.Bpu10I or Nt.Bpu10I. The 38-bp dsDNA fragment was prepared by cleaving DSP with EcoRV and PvuII. To prepare triple helix structures, equimolar concentrations (50 nM) of linear dsDNA and triplex forming oligo (TFO) were mixed in 25 mM MES pH 5.5, 10 mM MgCl 2 . The mixture was incubated at 57°C for 5 min and slowly cooled to room temperature.
The plasmids used for expressing Irc3-ΔC(29-482) and Irc3-ΔN(386-689) were based on pGEX4T-1 (GE Healthcare, Waukesha, WI, USA). The Irc3 expression vector pGEXTEV-Irc3 contained the TEV protease cleavage site Glu-Asn-Leu-Tyr-Phe-Gln-/Ser that replaced the thrombin cleavage sequence of pGEX4T-Irc3 [5] .
Proteins
Irc3 and Irc3-K65A correspond to the mature mitochondrial polypeptide (aminoacid residues 29-689) and were purified as previously described [6] with the following modifications: 0.1% Tween 20 was included in purification buffers; the cleared lysate was prefractionated by 30-60% (NH 4 ) 2 SO 4 ; TEV protease was used at 0.1 mg/1 mg protein for 6-8 h at 4°C; S-Sepharose fractions containing Irc3 were purified on Heparin-FF (GE Healthcare). The purification scheme of Irc3 [6] was followed for Irc3-ΔC(29-482) and Irc3-ΔN(386-689). Purified proteins (Fig. S1) 
DNA-binding assays
DNA binding of Irc3 was analyzed by a gel shift assay using 0.1 nM DNA molecules as previously described [6] .
In vivo analysis of irc3 mutants
Stability of the respiratory proficiency of irc3 mutant strains was performed as previously described [5] .
Yeast strains
Truncated IRC3 mutants were integrated into the natural chromosomal locus of W303a irc3Δ [5] . The kanMX selection marker was cloned 50 bp downstream of the IRC3 ORF in NdeI site. Mutant strains were verified by sequencing and propagated on glycerol media.
Results
Irc3 disrupts triple-stranded DNA structures
Earlier, we demonstrated that Irc3 ATPase is stimulated by dsDNA and remodels substrates that do not contain single-stranded DNA [5, 6] . To evaluate whether Irc3 ATPase activity is coupled to translocation along dsDNA, we first utilized a DNA triple helix displacement assay, previously used to follow the translocation of enzymes along dsDNA [22] [23] [24] [25] . Triple-strand DNA substrates consisted of a 34-nucleotide polypyrimidine oligonucleotide (TFO) bound via Hoogstein bonds to dsDNA (Fig. 1A , Table S1 ). Using mildly acidic conditions (pH 5.5), the TFO was hybridized to dsDNA forming a triple-stranded structure. The DNA triplex was disrupted by short heating at 95°C but remained intact for at least 2 h at 30°C in the triplex displacement buffer at pH 7.5 (data not shown). The activity of Irc3 was first tested by incubating increasing amounts of the enzyme with 2 nM substrate for 20 min (Fig. 1B) . Irc3-dependent accumulation of free TFO was observed; with 10 nM Irc3, > 90% TFO was released, similar to the levels of free TFO observed in the heat-treated samples (Fig. 1B) . It is likely that the fivefold molar excess of Irc3 over DNA substrate molecules required for complete triplex disruption reflects the efficiency of protein-DNA complex formation. Previous analysis has demonstrated that low nanomolar Irc3 concentrations are required for binding to branched DNA and that complex formation with linear DNA molecules is less efficient [6] .
We next asked whether the triple-strand displacement activity of Irc3 requires ATP hydrolysis (Fig. 1C) . No release of TFO was observed when ATP was omitted or replaced by the slowly hydrolyzable analog ATP-ϒS or AMP. Furthermore, the mutant protein K65A-Irc3 that does not hydrolyze ATP [6] was inactive in the triple-strand displacement assay. We conclude that the triplex displacement activity of Irc3 requires ATP hydrolysis.
To ask whether Irc3 could displace TFO without translocating along dsDNA, a triplex DNA containing short 2-bp dsDNA overhangs was constructed ( Fig. 2A) . Irc3 did not stimulate the release of TFO from this triplex, consistent with Irc3 being a dsDNA translocase (Fig. 2B) .
Kinetics of the TFO release was analyzed with the R-triplex and L-triplex which had only one extended dsDNA region next to the triplex DNA ( Fig. 2A) . Quantification of released TFO did not reveal significant lag periods in the displacement reaction, consistent with random Irc3 binding to the dsDNA (Fig. 2C-E) . Fifty percent of the TFO was relapsed from the R-triplex in 3.5 min and from the L-triplex in 6 min. Faster release from the R-triplex could result from differences in the sequence of the dsDNA loading arms, different geometry of the substrates, or the intrinsic stability differences in DNA triplexes.
To reveal the polarity of Irc3-DNA contacts during translocation, substrates containing a 6-nucleotide single-stranded gap next to the annealed TFO in either the top (T-GAP) or the bottom (B-GAP) strand were tested (Fig. 3A) . We found that the TFO release was severely inhibited with both substrates, suggesting that Irc3 makes important contacts with both DNA strands during translocation along the lattice (Fig. 3B,C) . However, small amounts of TFO (< 10%) were reproducibly detected with the B-GAP substrate suggesting that Irc3 contacts exhibit minor 3 0 -5 0 polarity.
The rate of Irc3 ATP hydrolytic activity increases with the size of the dsDNA cosubstrate
Further support for the dsDNA translocase model was obtained by analyzing the steady-state kinetics of Irc3 ATPase in the presence of dsDNA cosubstrate of different lengths. According to previously proposed models, the kinetic parameters v max (the maximal rate of ATP hydrolysis) and K DNA (the concentration of the dsDNA cosubstrate at which the rate of ATP hydrolysis is half of v max ) of ATP-dependent dsDNA translocases demonstrate characteristic dependencies on the length of the DNA lattice that they move along. In contrast, nontranslocating ATPases should not demonstrate such a dependence, assuming that the length of DNA cosubstrate exceeds the size of optimal binding site [22, [26] [27] [28] .
To analyze the effects of cosubstrate lattice length, a set of dsDNA molecules (12-75 bp, with a GC content of 45-55%) were prepared by annealing complementary T(op) and B(ottom) oligonucleotides (Table S1 ). Irc3 was preincubated with a dsDNA cosubstrate for 5 min at 30°C and the reaction started by the addition of ATP. The steady-state rate of ATP hydrolysis by Irc3 was determined using the coupled NADH oxidation assay described in Experimental procedures. In Fig. 4A , the ATPase activity of Irc3 is plotted in terms of dsDNA cosubstrate bp concentration. To obtain the kinetic parameters K DNA and v max , the titrations data for each length of DNA were fitted to hyperbolic equation [1] 
The v max of the Irc3 ATP hydrolysis reaction was clearly dependent on the length of the DNA cosubstrate, increasing approximately 10-fold as the cosubstrate length increased from 12 to 75 bp (Fig. 4B , Table 1 ). K DNA decreased threefold as the length of the cosubstrate increased from 12 to 30 bp and remained relatively constant for dsDNA cosubstrates longer than 35 bp (Fig. 4C, Table 1) . Notably, the v max values increased with lattice length for cosubstrates longer than 35 bp. This dependence of kinetic parameters of the ATP hydrolysis reaction on dsDNA cosubstrate length supports the conclusion reached from the triple-strand displacement assays, namely that Irc3 is a dsDNA translocase, as the kinetic parameters of a nontranslocating enzyme are not expected to demonstrate such lattice length dependence [26] .
The dependence of v max but not K DNA on dsDNA cosubstrate length is predicted by models incorporating a slow kinetic step between the dissociation of the translocase from the end of the DNA and the formation of an active translocase (Fig. 5A,B ) [22] . According to these models, dsDNA translocase moves along DNA with a uniform rate per step, reaches the end of DNA where ATP hydrolysis is ceased and dissociates with a distinct rate constant. The slow step in the translocation models in Fig. 5A ,B could be related to either dissociation from the end of the DNA lattice, governed by k d (Fig. 5A ), or to isomerization of the translocase after binding the DNA but before translocation, governed by k iso (Fig. 5B ). These two alternatives can be differentiated by analyzing presteady-state kinetics of the ATP hydrolysis reaction [22] . A rapid burst of ATP hydrolysis, corresponding to the first translocation cycle before encountering a slow dissociation step at the end of DNA, is predicted by the first model. The second model predicts a lag phase in ATP hydrolysis, as the rate-limiting step occurs before translocation. Aiming to differentiate between these alternatives, we measured ATPase activity directly using c 32 P -ATP. Our analysis did not reveal lag periods longer than 20-30 s in the ATP hydrolysis reaction with the 41-, 49-, 65-, and 75-bp dsDNA cosubstrates, suggesting that the formation of an active translocation-competent Irc3 helicase is not rate limiting (Fig. 5C ). While we cannot rule out rapid Irc3 isomerization steps not resolved by our analysis, the data are more likely consistent with a slow dissociation step at the end of the DNA template (Fig. 5A) .
According to previously proposed models [26] [27] [28] [29] [30] we fitted the v max values for different lattice lengths to Eqn (2):
Here, V is the extrapolated v max value of the Irc3 hydrolysis reaction in the presence of an infinitely long dsDNA cosubstrate, L is the length of dsDNA cosubstrate, L 0 is the size of Irc3-binding site, K G is the length of the cosubstrate at which v max is one-half of V. The data for the 12-bp cosubstrate were not included in the fit as this lattice length is obviously below the minimal size required for efficient Irc3 binding. We tested several values of L 0 and observed the best fit of our data to a hyperbolic function with L 0 = 17 bp (Fig. 4B) . Constraining the value of L 0 to 17 bp, the two fitted parameter values obtained were V = 60.7 AE 5.9 s
À1
and K G = 32.8 AE 6.6 bp. Sequence-specific effects described for other helicases [27, 31] could explain why some data points do not conform to a perfect hyperbolic fit. However, we cannot rule out a possibility that Irc3 ATPase activity follows a more complex kinetic scheme leading to a sigmoidal dependence on dsDNA length.
The C terminus of Irc3 is essential for dsDNA translocase and branch migration activities
The N terminus of Irc3 (Fig. 6A, ATPase) contains the SFII helicase core with motifs I-VI required for ATP hydrolysis. However, the function of the C-terminus of Irc3 (Fig. 6A, CTD) is unknown. To elucidate the functional importance of the CTD, deletions removing 3-21 terminal codons were constructed in the IRC3 gene (Fig. 6B) . Yeast strains containing mutant irc3 were tested for stability of the respiratoryproficient phenotype in the absence of metabolic selection [5] . Briefly, yeast cells were grown on a glycerolcontaining medium, released into glucose and the fraction of respiratory-proficient yeast cells determined during a 20-h time-course by spreading an equal number of cells onto glucose-and glycerol-containing plates (Fig. 6C) . We found that removal of the last three amino acid residues in the Irc3-686Δ had little effect; however, the number of respiratory-proficient Irc3-682Δ cells decreased significantly faster compared to the wt strain. The mutants Irc3-679ΔC, Irc3-674ΔC, and Irc3-668ΔC were almost indistinguishable from the Irc3 disruption strain (Fig. 6C) . The Irc3 mutants containing only the N-terminal helicase (Irc3-412Δ) or large deletions in the CTD (Irc3-482ΔC, Irc3-557ΔC, and Irc3-651ΔC) were also nonfunctional (data not shown). We concluded that an intact CTD is essential for the functionality of Irc3.
Next, we purified the N-and C-terminal halves of Irc3 (Fig. 6A, Fig. S1 ). Irc3-ΔC(29-482) included both N-terminal helicase domains and Irc3-ΔN(386-689) covered the CTD. Both Irc3-ΔC(29-482) and Irc3-ΔN (386-689) were tested for dsDNA-stimulated ATPase, DNA binding, and triple-strand displacement activities. Irc3-ΔC(29-482) retained dsDNA-stimulated ATPase activity with the three dsDNA cosubstrates tested (Fig. 6D) . However, the dependence on cosubstrate length was not observed as ATPase values of Irc3-ΔC(29-482), fitted to a hyperbolic curve, yielded k cat values of 33.6, 39.3, and 27.1 s À1 for the ds12, ds30, and ds75 cosubstrates, respectively. Furthermore, the values of K DNA for Irc3-ΔC(29-482) were significantly higher (4.3, 9.0 and 15.8 lM (bp) with ds12, ds30 and ds75, respectively) than the 0. even with 100 nM protein, which exceeds the level of the full-length Irc3 required for complete release of TFO 10-fold (Fig. S2, Fig. 1 ). These data suggested that the isolated N-terminal helicase core of Irc3 cannot function as a dsDNA translocase. Supporting our previous findings, we found that the four-way branched DNA X12 (Table S1 ) stimulated the ATPase activity of Irc3 1.6 times more efficiently than the 49DS dsDNA cosubstrate at a saturating DNA concentration (0.2 lM) (Fig. 6E) . In contrast, Irc3-ΔC(29-482) did not demonstrate substantially stronger stimulation with the branched X12 cosubstrate compared to dsDNA (Fig. 6E) . Consistently, Irc3-ΔC(29-482) demonstrated no specific binding of branched DNA (Fig. S3) .
Irc3-ΔN(386-689) did not display any DNA-dependent ATPase activity, which is expected as the protein lacks the helicase domains (Fig. 6E) . Furthermore, Irc3-ΔN(386-689) was inactive in the triplex displacement assay, consistent with ATP hydrolysis being required for the release of TFO (Fig. S2) . Importantly, Irc3-ΔN(386-689) selectively formed a complex with branched DNA (Fig. 6F-I ), displaying affinity comparable to that of the full-length Irc3, K d 2.0 and 1.8 nM (molecules), respectively. Together, our data indicate that CTD is responsible for high affinity binding of Irc3 to branched DNA and is required for dsDNA translocase activity.
Discussion
The conclusions of this work are that Irc3 uses the energy of ATP for tracking along dsDNA and the C terminus of the protein, in addition to the N-terminal helicase, is required for this activity. We also find that the C terminus of Irc3 is responsible for high affinity binding of branched DNA. These data together with our previous study [6] , indicate that Irc3 utilizes the dsDNA translocase activity to remodel branched DNA intermediates. Similar biochemical properties have been described for the T4 UvsW and bacterial RecG helicase, the yeast remodeler Rad5, and the related Swi/Snf2 family proteins SMARCAL1 and HTLF in higher eukaryotes [9, 23, [32] [33] [34] .
We tested the dsDNA translocase model by using two ensemble based assays. We first demonstrated that Irc3 disrupts triple-strand DNA structures by displacing TFO. This activity is ATP dependent, requires dsDNA adjacent to the triplex and is inhibited by single-stranded gaps. Based on our data, Irc3 belongs to the SFIIb subfamily according to the classification by Singleton et al. [1] .
Second, we showed that the rate of ATP hydrolysis by Irc3 depends on the length of the dsDNA cosubstrate which is considered to be a property of translocating enzymes [22, 26, 27, 35, 36] . The parameter K G in the Eqn (2) provides an estimate for the processivity of a translocase, being proportional to the ratio of the translocation rate constant k i and the dissociation rate constant k À1 (Fig. 5A,B) [29, 30] . Our data indicate that Irc3 has modest processivity, translocating on dsDNA on average 33 bp before dissociating from the lattice. However, it is likely that the processivity of Irc3 would increase on branched DNA molecules forming specific complex with the CTD of Irc3.
Interestingly, the isolated helicase motor of Irc3, Irc3-ΔC(29-482), displayed dsDNA-stimulated ATPase activity and retained catalytic efficiency comparable to that of the full-length Irc3, as indicated by the corresponding v max values for ATP hydrolysis. This suggests that the catalytic domain of the Irc3 ATPase can fold independently of the C terminus of the protein. However, Irc3-ΔC(29-482) did not retain dsDNA translocase activity as no lattice length dependence of the ATPase activity nor triple-strand displacement was detected, indicating that ATP hydrolysis and translocation were uncoupled in this truncated protein.
Importantly, the CTD has structural determinants responsible for branched DNA binding. Similar branched DNA-binding domains have been described for other SFII remodelers such as the Rad5 family enzymes with additional HIRAN domains [37] , the RecG helicase with the wedge domain [19, 20] , UvsW with the dual-winged Mot1-like structure [38] , and SMARCAL1 with the HARP domain [39] .
Our previous in vivo experiments have demonstrated that Irc3 is essential for maintaining the integrity of the yeast mitochondrial genome [5] ; therefore, branched DNA remodeling appears to be crucial for yeast mtDNA metabolism. The population of yeast mtDNA molecules contains high levels of three-and four-way junctions compared to nuclear DNA [40, 41] . Junction-specific nuclease Cce1 is required to prevent the accumulation of large mtDNA networks [42] [43] [44] . Furthermore, the topology of branched mtDNA is modulated by the essential Hmi1 helicase [45, 46] . However, the dynamics of branched DNA in yeast mitochondria is still poorly understood. We envision that Irc3 could stimulate DNA branch migration to disentangle the mtDNA network, facilitate the repair of damaged mtDNA by fork reversal or remodel Dand R-loop structures.
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